ABSTRACT
INTRODUCTION

D
oing unaccustomed long-lasting physical exercise, performed in eccentric regime in particular, calls forth muscle fatigue that holds on for 48-72 h and even longer and is frequently accompanied by muscle pain (Jones et al. 1989; Newham et al., 1983) .
LFF may be due to a decrease (10-20 Hz) in muscle contraction force (MCF), as well as due to the disintegration of the elastic muscle contraction components (Armstrong et al., 1991; Jones et al., 1989) . The sensitiveness of myofibrillas to calcium ions (Ca 2+ ) is believed to depend on the muscle (sarcomeres) length, i. e. the smaller the amplitude of muscle contraction, the lower sensitiveness to Ca 2+ (Stephensson, Wendt, 1984) . According to the sarcomeric hypothesis, LFF arises due to a partial damage of sarcomeres that manifests itself more markedly during eccentric physical exercise (Friden, Lieber, 1992; Jones, Round, 1997) . It is maintained that doing eccentric exercise brings damage to the weak sarcomeres in the first place, whereas the strong sarcomeres have to contract with a higher amplitude in order for the maximum muscle efforts to be achieved (Jones, Round, 1997) . LFF, that arises due to a partial damage of sarcomeres during eccentric physical exercise, should increase at a shorter muscle length. It is not clear at all, however, how such a type of fatigue manifests itself in 12-14 year-old boys whose muscles, tendons, ligaments and nerves have not fully matured yet (Malina, Bouchard, 1991) .
Natural human movements, including various types of jumps, usually combine eccentric and concentric phases of muscle contraction and are referred to as stretch-shortening exercise (Avela et al., 1996) . Stretching of the muscle-tendon complex just before the movement affects power generation (Ettema, 1997) . It has been demonstrated that height of a vertical jump increases when the subject prestretches muscles by a countermovement, compared to the jump from the static semi-squat position (Häkkinen, Komi, 1983) . This could be due to stretch reflex potentiation and utilisation of elastic energy stored in the series of elastic elements during the jump with the countermovement (Häkkinen, Komi, 1983) . Stretch loads increase when subjects drop from 80 cm height and perform the so-called drop jump (Avela et al., 1996) . Repetitive drop jumps have been used as means of power training in athletes (Bobbert, 1990) . However, this type of exercise induces LFF as well (Skurvydas et al., 2000) . The LFF is believed to be a major cause of performance deterioration during prolonged isometric exercise of submaximal intensity, but effects of LFF on power generation in brief contractions are less clear (Lucidi, Lehman, 1992; Ratkevičius et al., 1995) . The LFF has been mainly studied in adult volunteers, and it is largely unknown how age affects muscle resistance to LFF which appears to be one of the major factors limiting muscle potential to generate force during prolonged repetitive exercise (Ratkevičius et al., 1995) . Thus the aim of this study was to find out if LFF manifests itself in the muscles of boys aged 12-14 years doing 75 drop jumps performed every 20 s at angles of 90˚ and 135˚ from a platform 80 cm high.
METHODS
Subjects. Nine teenagers boys (n = 12) (age = 13.1 ± 0.6 yr, body height = 160.4 ± 7.4 cm, body mass = 46.4 ± 5.9 kg) took part in the study of fatigue in the lower leg muscles after repetitive drop jump exercise. After explanation of procedures, risks and benefits of the study written informed consent was obtained from the boys' parents and the boys. The boys were recruited from one of the local schools. The boys both participated in classes of physical activity two-three times a week and could be considered as physically active. However, none of the subjects was specializing in any form of sports training.
Isometric torque measurements. The isometric torque of knee extensor muscles was measured in a dynamometer as described previously (Ratkevičius et al., 1995; Skurvydas et al., 2000) . The subjects sat upright in the dynamometer chair with both the hip and knee joints positioned at approximately 90-135 degrees of flexion. For a recording of the knee extension torque, force transducer was connected to a lever arm and the pad of the lever arm was placed approximately 3 cm above malleoli. A belt joined to the force measuring device (UGO BASILE 7080 type DY 150, Italy) was placed on the lower third part of the calf of the right leg. The output of the transducer was analogue-to-digital converted (12-bit) at a sampling rate of 1000 Hz and stored on a computer hard disk for later off-line analysis. During the maximal isometric voluntary contraction (MVC), the output from the torque transducer was also displayed on a voltmeter in front of the subjects.
Electrical stimulation. Details of the equipment and procedure for electrical stimulation were essentially the same as previously described (Ratkevičius et al., 1995; Skurvydas et al., 2000) . Tolerance of subjects to electrical stimulation was assessed on a separate occasion by testing different patterns of electrical stimulation. All subjects showed good compliance with the procedure when short trains of stimuli were applied at a progressively higher frequency up to 50 Hz. During the subsequent experiment, the electrical stimulation was delivered with surface electrodes, placed over the quadriceps muscle, in 1-s trains of stimuli using the current that induced (at 50 Hz) 52-98% MVC, as measured from the subject on the day of testing. This electrical stimulation of muscles was performed at 1, 10, 15, 20 and 50 Hz stimulation for 1 s at each frequency. During the off-line data analysis, peak torque was evaluated at each frequency. The 1-Hz stimulation produced a single twitch. For the twitch, contraction time (CT) and half-relaxation time (RT 0.5) were measured. The CT was the time from the start of torque development until the point when the peak torque was reached. The RT 0.5 was the time from the peak torque until the point when torque decreased to a half of the peak torque value.
Drop jumps. Drop jumps were performed as previously described (Skurvydas et al., 2000) . Firstly, each subject performed warming-up exercises that consisted of a 5-min running on the spot with an intensity that corresponded to a heart rate of 130-150 beats/min -1 ; then the subject performed 10 squat-stands and 2 min of rest were allowed. Thereafter, the subject performed 75 drop jumps from a height of 80 cm to an approximately 90 0 angle in the knees in eccentric mode. One jump was performed every 20 s. The actions of the subjects were discussed whith them in advance and they were told that after jump down with a squat the knee joint should be at 90 0 angle. The subjects always climbed the 80 cm high platform with the left leg while force measurements were performed on the right leg.
Vertical jumps up. The control vertical jumps up with approximately 90 0 angle in the knees were performed on a standard jump mat (Powertimer Testing System, Newtest, Tampere, Finland). As described by the producer, the Powertimer Testing System calculates jump height according to the time spent in the air (flying time) during the jump (Bosco et al., 1983; Komi and Bosco, 1978; Skurvydas et al., 2000) .
Experimental procedure. The indices of muscle contraction and relaxation were registered at angles of 90˚ and 135˚ in the following sequence: 1. The power of muscle contraction evoked by a single electrical stimulus (single twitch-P t ), the duration of contraction up to a single twitch and half-relaxation time (RT 0.5) were measured. 2. This electrical stimulation of muscles was performed at 1, 10, 15, 20 and 50 Hz stimulation for 1 s at each frequency. The duration of stimulation was 1 s and rest intervals between stimulation impulses were 5 s. 3. Maximal voluntary force (MVF) of muscle contraction -three trials performed every 3-5 min. 4. After non-intensive warming-up a slow running for 10 min was undertaken (pulse rate at the end of running had reached about 110-130 beats / min), then followed three control jumps up of performed every 20 s. 5. Jumping exercise consisted of 75 drop jumps performed every 20 s from a platform 80 high with a squat up to 90˚ angle in the knees in the eccentric mode. The platform was mounted leaning on the left leg, i.e. not on the leg muscle function properties of which were being tested. 6. Immediately 3, 30 and 60 min after the exercise all indices of voluntary and involuntary contraction at angles of 90˚ and 135˚ were registered repeatedly. The height of standing vertical jump up 1 and 60 min after the exercise was registered too. Fatigue index (FI = index value after exercise / index control value before exercise × 100 per cent) of all index values was calculated. Besides, all indices of voluntary and involuntary contraction at angles of 90˚ and 135˚ 12 and 24 h after the exercise were registered repeatedly. Jumping fitness and subjective muscle pain according to a 10-point scale were evaluated too. Statistics. Descriptive data are presented as means ± SD. The groups of boys were compared with a two-way analyses of variances (ANOVA). Statistical significance of all tests was set at p < 0.05. If significant effects were found, post hoc testing was performed applying paired t-tests with a Bonferroni correction for multiple comparisons. Statistical significance of all tests was set at p < 0.05.
RESULTS
Doing 75 jumps performed every 20 s did not bring about any changes (p > 0.05) in the height of vertical jump up that was statistically significantly (p < 0.05) different from the initial value but 60 min, 12 and 24 h after the exercise (Fig. 1) . The boys felt muscle pain (3.7 ± 1.3 points) 12 h after the exercise, and 24 h after the exercise the boys felt a greater muscle pain (5.4 ± 1.7 points).
There is no correlation between the rate of decrease in the height of vertical jump up immediately after the exercise and muscle pain 12 h (-0.047) and 24 h (-0.051) after the exercise.
The values of the twitch, contraction time (CT) and half-relaxation time (RT 0.5) are presented in Fig. 2 and Fig. 3 . There is a statistically significant (p < 0.05) difference in index values of CT (Fig. 2) and RT 0.5 (Fig. 3) after jumping exercise done at angles of 90˚ and 135˚. There is no statistically significant (p < 0.05) difference in index values of CT at the 90˚ angle 30 min, 12 h and 24 h after the exercise, when compared to the control values. There were similar regularities in the changes of CT values at the 135˚ angle too (Fig. 2 ). There were statistically significant differences in index values of RT 0.5 at the 135˚ angle immediately after the exercise, 30 min and 12 h after the exercise, compared to the initial value (p < 0.05) but there was no statistically significant difference 60 min, 24 h after the exercise comparing measurings made with initial values (Fig. 3) . There was a statistically significant difference, howeer, at the 90˚ angle immediately after the exercise, compared to the initial value (p < 0.05) but later the indices returned to their initial values (p > 0.05) (Fig. 3) .
There was a significant decrease (p < 0.001) in the values of Pt, P 10, P 20, and P 50 indices at angles of 90˚ and 135˚ after the jumping exercise. Pt, P 10, P 20, and P 50 indices did not return to the initial level 24 h later (Fig. 4 and Fig. 5 exercise. There was a statistically significant decrease (p < 0.001) in the P 20 / P 50 ratio already 3 min after the exercise both at the 90å ngle and 135˚ angle. This is sure to indicate the presence of LFF (Fig. 6 ) the indications of which did not disappear, i. e. the indices of the P 20 / P 50 ratio did not reach their initial value even 24 h after the exercise at the angle of 135˚ but the indices (p > 0.05) had recovered at the angle of 90˚ 24 h after the exercise. It is of interest to note that the repeated eccentric exercise brought about but slight changes in MVF indices (Fig. 7) that did not change statistically significantly (p > 0.05) already 3 min after physical exercise, decreased 
LOW-FREQUENCY FATIGUE AT DIFFERENT MUSCLE LENGTH FOLLOWING INTERMITTENT ECCENTRIC DROP JUMPS IN 12-14 YEAR-OLD BOYS
DISCUSSION
On the basis of the results obtained in the process of the research done the main conclusion could be made that doing 75 eccentric jumps performed every 20 s there was a statistically significant decrease in the values of both voluntary and involuntary contraction force and they did not return to their initial values (Fig. 4 and Fig. 5) . Still there was a decrease in the values of separate indices. Thus, for example, the slightest changes (about 5.5%) after the exercise had occurred in the height of vertical jump up and MVF at the 90˚ and 135˚ angle. There was a 20-32 per cent decrease in the force (P 50) evoked by high stimulation frequencies at the 90˚ angle and about 15-35 per cent decrease at the 135˚ angle accordingly. The greatest decrease (about 45%) was in the force evoked by low stimulation frequencies at the 135˚ angle (P 10 and P 20) and the same force at the 90˚ angle had decreased from 20 to 55 per cent. Thus, it could be maintained that it was the so-called low frequency fatigue (LFF) that manifested in the muscles most markedly what is evident from a decrease in the value of the P 20 / P 50 ratio, particularly at a shorter muscle length, i. e. at the 135˚ angle (Edwards et al., 1977) .This corresponds to the results obtained by other scientists and is indicative of the fact that LFF mostly manifests itself doing unaccustomed, eccentric physical exercise in particular. It takes some time for the above-mentioned fatigue to disappear after the exercise and it is frequently accompanied by (Armstrong et al., 1991; Jones et al., 1989) .
In the case of our research there could not have been an accumulation of a great number of metabolites (unorganic phosphate, ADF, hydrogen ions, etc.) that decrease muscle contraction force in the muscle, since there was a sufficiently long period of time between the jumps performed for the ATP and PCr (phosphocreatine) to recover (Fitts, 1994) . Therefore the reasons for the appearance of muscle fatique should not be looked for in muscle metabolism. It is believed that doing eccentric physical exercise may give rise to disintegration of sarcomeres and elastic muscle components, as well as proteins connecting the T system with sarcoplasmic reticulum (Armstrong et al., 1991; Jones et al., 1989) what can call forth a decrease not only in the force of myofibrillas but also in the number of Ca ions released from the sarcoplasmic reticulum (Fitts, 1994; Westerblad et al., 1993) . This is considered to be the main cause of the rise of LFF. The same cause also forms the basis for the decrease in the force (P 50) evoked by high stimulation frequencies. Since in the case of high stimulation frequencies myofibrillas are saturated by Ca ions more fully a small change in Ca 2+ concentration changes MCF but slightly (Westerblad et al., 1993) .
Performing jumps may cause a decrease in the sensitiveness of reflexes that exert influence on the activity of motor neurons. For example, it has been established that an increased activity of afferents 3 and 4 can inhibit the jumping fitness of athletes. Besides, the sensitiveness of reflexes can also depend on changes in the elastic properties of the muscle during physical exercise. Since jumping fitness also depends on the use of the elastic properties of the muscle (Bosco et al., 1982 a) in the case of our exercise after warmingup of tendons and muscles, muscle elasticity might have been used to a greater extent.
Jumping fitness of boys aged 12-14 years is similar to the results obtained by our earlier research (Skurvydas et al., 1999) . Still it is much smaller than that of grown-up athletes and persons not going in for sports (Bosco, Komi, 1979; Bosco et al., 1982 a; Skurvydas et al., 1999) . It is of interest to note that the value of the P 20 / P 50 ratio in the case of the boys studied by us is similar to that of grown-up persons not going in for sports (Ratkevičius et al., 1995) .
Why is LFF smaller in boys aged 12-14 years than in grown-up persons when doing 75 jumps performed every 20 s? We have not come across any studies testifying to the fact that, for example, doing physical exercises that give rise to LFF would decrease the amount of Ca 2+ released from the sarcoplasmic reticulum in boys to a greater extent than in the case of grown-up men. Besides, it is not clear at all how such an exercise might cause a damage in the electromechanical connection between the T-system and the sarcoplasmic reticulum in the muscle of boys. It is thought that the duration of a single contraction depends on the number and rate of Ca ions released from the sarcoplasmic reticulum (Cannel, Allen, 1984) . Since CT in boys immediately after the exercise comprised 82.7 per cent at the 90å ngle and 93.3 per cent at the 135˚ angle of its control value and, according to the results of our research (Skurvydas et al., 1999) , CT in men was about 75 per cent of its control value respectively, we think that in the case of boys a decrease in the number of Ca ions released from the sarcoplasmic reticulum took place. It might be considered, therefore, that our jumping exercise damaged not only the sarcoplasmic reticulum but also its connection with the T system less considerably. It is not likely that there was an essential change in the number of proteins (such as parvalbumin) absorbing Ca ions or in their sensitiveness to Ca ions. The LFF mechanism is not identified with this factor (Westerblad et al., 1993) .
It has been established that when doing repeated dynamic exercise of high intensity children distinguish themselves by greater resistance to metabolic fatigue than grown-ups. It has also been established that boys recover sooner than men after intensive exercise of short duration since boys recruit anaerobic glycolysis to a smaller extent compared to men. Therefore acydosis in the muscle of boys manifests itself less considerably than in the case of men (Dotan et al., 2003) . Unfortunately, there is still shortage of studies in the diferences of fatigue between children and grown-ups when doing physical exercises causing muscle damage (Duarte et al., 1999) . Besides, we have not found any data in special literature about the effect of age on the exercise giving rise to metabolic fatigue and muscle damage.
The age of our subjects corresponds to the period of intensive growth of the body during which the muscles are subjected to both quantitative and qualitative changes (Malina, Bouchard, 1991; Swynghedauw, 1986) . It has been established that during post-pubertal period a particularly intensive synthesis of sexual hormones takes place (Malina, Bouchard, 1991) and these hormones exert stronger influence in the synthesis of proteins of muscle fibres of the fasttwitch type (Johnson et al., 1994) . There is also another opinion that in the course of body growth no changes in the ratio of muscle fibres of the fast-twitch and slow-twitch types take place (Eriksson et al., 1973; Komi and Bosco, 1978) . Besides, it is thought that growth and maturation rates of motor units of different types do not coincide (Bell et al., 1980) . Due to an increase in the number of viscous chains of miosin of the fast type the power of muscle contraction increases (Bell et al., 1980; Johnson et al., 1994) . For example, the greater the number of muscle fibres of the fast-twitch type in the muscle the higher the jump height of the subjects (Bosco, Komi, 1979) . Thus, it might be supposed that in the muscles of boys aged 12-14 years muscle fibres of the fasttwitch type that possess more elastic components than fibres of the slow-twitch type have not completely matured yet (Eriksson et al., 1973; Malina, Bouchard, 1991) . The muscles of boys of this age are known to be more elastic than those of grown-up men (Malina, Bouchard, 1991) . All this allows one to suppose that the muscles of boys aged 12-14 years are more resistant to LFF. Besides, boys could have mobilized themselves less when doing the jumping exercise, since it has been established (Belanger, McComas, 1989 ) that children and adolescents are capable of activating less motor units than grown-ups.
CONCLUSIONS
Doing eccentric physical exercises with submaximum intensity (jumping down from a platform 80 cm high) in the muscles of boys there arises low frequency fatigue that remains throughout 24 h and is greater at a short muscle length throughout the time tested.
